A simplified finite element analysis on the squats growth simulation and the effect different contact stresses has been presented. This analysis is based on the element removal study to simulate squat growth in a rail track under cyclic loading. The major principal stress (maximum principal stress failure theory) has been used as failure criteria. Evolution strategies are derived from the biological process of evolution, to find squats growth path solution to a complex rail/ wheel contact problem.
Introduction
Rail squats/damage/failure is a problem of considerable economic cost. More and more track in numerous railway systems throughout the world is being affected by squats. In Australia, they first occurred in the Hunter Valley in the early 1990's and Railcorp passenger lines in the early 2000's becoming very prolific in some locations since then, with over 500 counted in 1.4 km of the Down North Shore Line. Squats now affect a large proportion of the RailCorp System (nearly 18%) covering a wide spectrum of infrastructure configurations and traffic types [1] . Squats patterns are not consistent. They are not strongly associated with any one infrastructure feature or traffic type and they don't appear to be strongly linked to sleeper type or rail type, age or quality.
There are many recent studies on squats, such as [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Those work included extensive reviews on squats, mechanisms of squat initiation and growth, field investigations and etc. Squats are easily identified visually, as they appear as dark spots or "bruises" on the running surface of the rails, as illustrated in Figure 1 .
As indicated in [1] , the sectioning and microscopic examination of the rails containing squat defects reveals the following main aspects: a "white etching" surface layer (WEL) is present in most mild and moderate running surface squats, which can be up to 0.15 -0.20 mm deep. The "white etching" layer is brittle and develops small vertical cracks. Some of these cracks (at least initially) continue to grow into the parent material, both longitudinally and laterally, at an angle of about 10˚ -30˚ to the running surface (refer to Figure 2) . Others return to the surface and form a spall and at a certain depth below the rail surface the cracks begin to branch and grow on multiple planes. Two typical tangent track squats on freight line were shown in Figures 3 and 4 [13] .
Observed squats are non-planar 3D features [1, 6, 8 ] that nucleate from areas of high stress concentrations in geometrically complex regions of the rail. Since the actual development pathway of squats is very complicated, a general analytical solution does not exist. A series of approximate methods are currently used for the analysis squat growth problems. The FEM (finite element method), BEM (boundary element method) and mesh free AM method [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] are perhaps the most widely used technique for solving simulating 3D crack growth related problems. In fact, those approaches are either really pseudo-3D (as the modeled crack surface remains planar) or need re-mesh to perform crack automated propagation (This usually involves substantial computational effort).
A non re-meshing algorithm for modelling cracks growth is provided in [27] . But it limits to solve 2D problems. All mentioned techniques are not suitable for simulating squats propagation. The aim of this paper is to simulate the formation and growth of squats on railway tracks using numerical analysis. By successfully simulating the initiation and growth of squats in railway tracks, a simple prognosis tool can be created. This tool would be able to help identify problem areas on the tracks or as an early detection system for possible failures. This will then allow measures to be taken to minimize squat growth or prevent squat formation altogether which will in turn decrease maintenance costs and down times of railway services.
Methodology
This section describes the development pathways of squats growth under alternating loads. A simple evolutionary procedure has been developed to simulate squats growth. Evolution strategies are derived from the biological process of evolution to find squats growth path solution to a complex rail/wheel contact problem. This technique is called 'Nibbling Algorithm' that is based on genetic algorithms and the whole field of evolutionary computation. Due to its simplicity, this genetic algorithm has also been successfully implemented in other fields such as topology optimization called "Evolutionary Structural Optimisation" (ESO) [28] . The "Nibbling Algorithm" is a heuristic method. It works by removing elements from highly stressed regions. In this study, a representative maximum principal stress for each element and ultimate tensile strength are chosen as the selection criterion. Here we adopted an average stress for each element derived from the corresponding gauss point stresses. In a given stage (iteration), the i th element is removed if:
where i  is the representative average maximum principal stress for the element, 1,max th i  is the peak maximum principal stress for all the elements in the structure and SF is a elimination factor. The elimination factor plays an important role in controlling the iteration process. A high value will lead to a rapid convergence, but may cause instability. The instability may drive the solution away from a correct pathway of crack growth. In contrast, a very low value will require a large number of iterations and can dramatically increase the solution time.
The procedure is explained in more detail below. Finite element modelling is generally used for structural response evaluation with the alternating method. Based on certain predefined criteria, failed material is removed from the structure. The term "failure" means that the element is cracked or is not taking part or contributing to the overall performance of the structure. The maximum principle stress at the centroid of each element is chosen as alternating criteria. The elements with highest maximum principle stress will be eliminated at each evaluation. After which, a new FE model will be created by using updated mesh and replacing its old loading set with new one from load store.
The updated structure will be re-analysed. Depending on the response of the new structure, the algorithm will again identify elements with alternating criteria and eliminate them from the structure. This process is continued until the resulting structure satisfies some sort of convergence criteria like an allowable value of loading influence factor or schedule iteration number.
One major advantage of alternating method is that it uses the initial finite element mesh for the structural analysis. It does not require re-meshing every time. This is advantageous as it improves CPU time and allows more control over the objective functions.
Numerical Examples
The first example considers the evaluation the develop-ment pathway of fatigue crack growth of a plate with an inclined crack, see Figure 5 . The material was taken to be an aluminium alloy 2024-T3 with a Young's modulus and a Poisson's ratio of MPa, and 73,100 E  0.33
 
respectively. The width (2W), thickness (t), and the height (H) of the plate were taken to be 76 mm, 3.1 mm and 152 mm respectively. The initial crack length was 28.3 mm and the angle of inclination was 450. The elimination factor used in this example was 0.001. The results of the crack growth program on the validation test case are shown in Figure 6 . It can be seen that the crack travels from tips towards the edges of the plate. It also progresses slightly downwards toward the line of symmetry. Agreement between present predictions and data obtained in [29, 30] was very well, see Figure 7 . The results achieved were deemed satisfactory to proceed to the next stage of the project which is the analysis on the rail track model.
Let us next consider a 3 dimensional rail track model of crack growth pathway. This model is set on 6 sleepers. Prior studies on the growth cracks in head hardened rail (track) steel, which was provided by Rail Corp, taken from the field in NSW revealed that the growth of small sub mm cracks was not time dependent and could be modelled using linear elastic fracture mechanics [31] . Indeed, as in [32] which examines the growth of near micron size initial cracks, the fatigue threshold for small sub mm cracks in this rail head hardened steel was found to be negligible.
Two different cases of the squat growth correspond to a V-set motor with two bogies car in curve and hunting contact have been considered. The location of loads applied and the result of contact forces on the lower and high rail with the leading axle the car in a transition, see Figures 9 and 10. The simulation is for light traction force of about 0.08 adhesion case. Rail friction is 0.5 in the simulation for dry rail given the 70 km/h speed. The curve radius of the rail is 300 meter.
The first case considers the rate of applied loads are 0.18 L P  and 0.15 Q P  . Here, the symbols P,Q and L represent vertical, longitudinal and lateral loading respectively. In second case, the rate of applied loads are
The contact patches for case 1 and case 2 are shown in Figures 11 and 12 . The Vermeulen-Johnson method has been used to evaluate contact stress [33] . The elimination factor for both cases was 0.01.
A sufficient fine mesh has been taken in the vicinity of the applied contact loading (0.1 mm × 0.1 mm × 0.1 mm) for the both cases. The resultant mesh for the case 1 has 1064700 nine-noded elements and 1213872 nodes. The corresponding Maximum principle stress distribution of the rail under contact loads with no squats is shown in Figure 13 .
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Aliminum 7075-T7351 Specimen no.7 (precracked) R = 0.02 3,000 6,000 9,000 12,000 15 The patterns in the iteration range 1000 -1005 were very close. Thus, selecting any of them could have made practically no difference. The outlines of prediction of the squats growth pathway on the rail for this are shown in Figures 14 and 15 .
The finite element model of case 2 contained 653315 nine-noded elements and 673936 nodes. Figure 16 shows the Maximum principle stress distribution of the rail under contact loads with no squats. Figures 17 and 18 show the results of the squats growth pathway at 1476 iteration. It then increased slightly until the structure completely collapsed at iteration 1478. Therefore, the configuration shown in Figure 18 can be taken as the prediction result of squat growth corresponding to this loading case. Crack propagates from the contact patch. As they grow, a point is reached where the stress applied to the contact patch is no longer of significance to the crack-the crack propagation thus stops. The 3D squat growth simulation obtained here were similar to those real squats such as shown in Figures 3  and 4. 
Conclusions
The 3D element removal study provides in this paper is the only study that attempted to model the 3D growth of a squat from a small initiating defect to a large size. In this study, it can be found that 3D modelling technique captures the intrinsic features of squat growth. One advantage of this methodology is very easy to use and the various model parameters could be easily modified to observe their effects. The 3D squat growth simulation method presented in this paper is based on linear elastic analysis without including the residual stress field we predict a squat shape that is in reasonable agreement with reality.
The analysis runs on any PC computer and the computational time is not very long although it depends on the mesh size of the model, the type of analysis and the number of iterations.
It should be stressed here that the flexibility of this alternating technique would easily allow the study of problems associated with multiple random contact loading sets. 
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